Understanding spin textures of the surface states of topologically nontrivial materials is essential for realizing their potential for applications such as spintronics. Here we propose the existence of symmetry-protected energy-and direction-dependent surface spin textures on the (001) surface of pyrite-type crystals OsX 2 (X= Se, Te) using first principles calculations. We show that the formation of these low-energy states is a consequence of a transformation from a topologically trivial to nontrivial state induced by spin orbit interactions. The unconventional spin textures of these surface states feature an in-plane to out-of-plane spin polarization transition in the momentum space. Moreover, The surface spin direction and magnitude can be selectively filtered in specific energy ranges. In addition, we have observed the existence of three-dimensional nodal lines in these crystals surviving the spin orbit coupling effect. Our findings are expected to provide new avenues for experimentalists to detect the surface spin textures in topologically nontrivial materials and can reveal new insights to designing novel spin-based nanoelectronic devices.
INTRODUCTION
Materials with nontrivial topological properties provide a rich playground for discovering unconventional fermions as well as unveiling novel physical phenomena such as giant magnetoresistance and superconductivity [1, 2] . Over the last few years, topological states of matter have been revealed in a diverse spectrum of electronic structures from insulators [3] to semimetals [4, 5] and metals [6, 7] . Several strategies have been proposed to effectively predict new materials with nontrivial topology by combining the knowledge of dimensionality, crystal symmetry and band theory [2, 8] . In particular, seeking materials that can demonstrate highly orientational and controllable spin structures is rapidly emerging as an active area of research [9, 10] . These materials have the potential of exhibiting exotic spindependent transport properties, such as inverse spin Hall effect and spin-transfer torque on the surface states [11, 12] , which can be beneficial for the development of spintronics and spin detection devices [13, 14] .
Each class of topological materials possesses unique spin textures associated with their surface states and spin orbital coupling (SOC) [15, 16] . In topological insulators (TIs), the spin textures of the surface states exhibit a strong spin-momentum locking behavior, where the direction of the spin of a Dirac fermion is locked perpendicular to its momentum [17, 18] , typically lying in the plane of the surface. This character changes significantly for Dirac/Weyl semimetals (DSM/WSM). The spin textures of these materials are altered by the presence of the nodal points, i.e. the crossing points of valence and conduction bands in the bulk. In DSM such as Na 3 Bi, the spin polarization tends to vanish at these nodal points due to the recovery of spin degeneracy [19, 20] . In WSM, the spin texture is less constrained compared to TI or DSM, and can be significantly affected by crystal symmetries [16, 21] . In recent years, complicated spin textures have been observed in nodal-line semimetals/metals [7, 22] . Moreover, external means such as strain and magnetic fields have been explored to achieve a tunable spin texture so that topological materials can be used to fabricate electronic nanodevices [23] . Despite these promising developments, the search for a topological material with highly energy-and orientation-dependent spin character remains a challenge. Pyrite structure is one of the common crystal structures found in nature [24] . A few pyrite-type materials have been theoretically predicted to show topologically nontrivial semi-metallic behavior [25] . The preservation of 3D nodal points under SOC in these materials provides 2 a plausibility for interesting physical phenomena. Recent experiments have confirmed that these topologically nontrivial phases can lead to extremely large magnetoresistance and the emergence of superconductivity [26, 27] . Motivated by these findings, here we investigate the family of pyrite-type noble metal selenides and tellurides. Most of these compounds are non-magnetic and reported as either semiconducting with a small band gap or metallic [28] .
Among these materials, OsSe 2 and OsTe 2 are good candidates for exploring the topologically nontrivial electronic structure due to the strong SOC effects of the outermost 5d electrons of Os [29] . Moreover, they have the least magnitude of band gap opening between the conduction and the valence bands compared with other noble metal compounds [28] . This feature implies a possible band inversion due to a strong SOC in the vicinity of the Fermi level, an indication of the topologically nontrivial electronic structure. Most interestingly, the 5d electrons of Os have shown significant spin anisotropy in oxides due to to a combination of a strong SOC and electronic correlation effects [30] . This observation indicates that osmium-based compounds can potentially be used for spin-based devices.
Here we report existence of unconventional three-dimensional energy-and directiondependent spin textures in the surface of pyrite-type OsX 2 (X= Se, Te) crystals. OsSe 2 and OsTe 2 are semimetallic with a small energy overlap between conduction and valence bands. The characters of conduction and valence bands are inverted at Γ with nontrivial topological indices 1;(000) under strong SOC. The conduction and valence bands are separated everywhere in momentum space by an energy gap. In sharp contrast to the largely in-plane spin texture observed for surface states of other topological insulators, the surface bands of OsSe 2 and OsTe 2 show a novel texture of both in-plane and out-of-plane spin components, with nearly perfect coupling of one momentum direction to the out-of-plane spin component at certain energies. This unconventional spin texture opens new possibilities for injecting or detecting the out-of-plane spin component in topological spintronic devices.
Finally, we have also discovered the presence of bulk nodal lines in the crystals surviving the strong SOC, owing to the protection of screw rotation and spatial inversion symmetry. This observation may open a new avenue for searching for similar symmetry-demanded nodal-line metals.
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COMPUTATIONAL DETAILS
The optimized geometry and the electronic structure of OsSe 2 /OsTe 2 are obtained using density functional theory (DFT) as implemented in the Vienna ab initio Simulation Package (VASP) [31] . The Perdew-Burke-Ernzehof (PBE) form of the generalized gradient approximation (GGA) is used to describe electron exchange and correlation [32] . The Heyd-Scuseria-Ernzerhof (HSE06) hybrid potential is employed to check for possible overestimation of band inversion within GGA [33] . The kinetic energy cutoff for the plane-wave basis set is set to 400 eV. [36] . Other crystalline forms of these two materials have not been reported. The pyrite structure of OsSe 2 and OsTe 2 is chemically stable and robust against high temperature and pressure [36, 37] . The crystal structure of OsSe 2 and OsTe 2 belongs to the space group P a3 (SG 205) and is shown in Figure 1 qualitatively agree with the electronic structure OsSe 2 , especially in the low energy region, therefore in the remaining part of the paper we will focus on OsSe 2 (discussion on OsTe 2
can be found in Supplementary Information).
We next calculate the Z 2 topological invariants based on the evolution of Wannier charge centers to confirm the existence of topological nontrivial phases in OsSe 2 and OsTe 2 [40] .
The Z 2 topological invariants for the 3D bulk OsSe 2 /OsTe 2 crystal ν 0 ;(ν 1 ν 2 ν 3 ) are obtained by tracing the evolution of Wannier charge centers of fully occupied Bloch bands for six time-reversal invariant momentum planes (k 1 = 0 and π, k 2 = 0 and π, k 3 = 0 and π).
To demonstrate this, we show the evolution of Wannier charge centers along k 2 for planes k 3 = 0 and π for OsSe 2 with SOC as an example ( Figure 3) . Results for other planes can be found in Fig. S1 . It can be clearly seen that Z 2 = 1 for k 3 = 0 plane since the reference line has odd number of intersections with the evolution lines (Figure 3 (a) ), whereas even number of crossings between the reference line and evolution lines indicates that Z 2 = 0 for (Figure 3 (b) ). We find the Z 2 indices for both OsSe 2 and OsTe 2 are 1; (000), proving that these pyrite crystals are topologically nontrivial.
Our results show that the lowest conduction band and neighboring valence bands for OsSe 2 and OsTe 2 are completely gapped along high symmetry lines, providing a possible venue for the emergence of nontrivial surface states between them. Previous investigations have implied that these states can be linked with novel physical properties such as giant magnetoresistance [26] and superconductivity [27] . Another interesting electronic feature is the formation of inverted flat band at the bottom of the conduction band near Γ. This is similar to the profile of the well-known topological Kondo insulators such as SmB 6 [41] .
Currently the flat band has only been realized in materials with strong correlated f electrons through hybridization [42] . Therefore the stability of this flat band in OsSe 2 /OsTe 2 consisting of hybridized Os d states may need to be further assessed with advanced computational schemes [43] . Finally, we have identified a bulk nodal line along Y-M and this nodal line can survive strong SOC effects owing to the protection of nonsymmorphic symmetries.
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This anisotropic nodal line character could potentially result in more complicated electronic features on the surface.
Surface Electronic Structure
Next we discuss the surface correspondence of the bulk nontrivial electronic structure in detail. The morphology and electronic structures of the surfaces of pyrite crystals have been well studied before by both experiments and theoretical calculations [44] [45] [46] . The (001), (110), (111) and (210) surfaces have all been reported as possible cleavage surfaces in pyrite systems [45] . The rich symmetry of the pyrite crystal also allows the existence of multiple surface terminations for each cleavage surface [45] . Here we selected the appropriate surface to investigate based on two important factors: thermodynamic stability and extent of surface reconstruction [37] . The (001) surface is known to be the most common cleavage surface in pyrite-type crystals and thermodynamically the most stable. The most stable termination of (001) surface can well retain the bulk-like atomic configurations with little surface reconstruction [45] . The (110) surface is much less stable than the (001) surface, but the atom displacement at the surface is small. The (111) and (210) surfaces can be more stable than (110), but at the cost of significant surface reconstructions to compensate for the loss of coordination on the surface. Due to the considerable computational cost in obtaining optimal reconstructed surfaces involving heavy Os atoms, here we mainly consider the (001) surface and briefly discuss the characteristics of the (110) surface. Given the symmetry of the crystal, the (001) surface of OsSe 2 can have three possible surface terminations: Se-Se terminated, Se terminated and Os terminated (see Fig. S2 ). Our slab cell calculations and previous investigations have shown that the Se-Se terminated and Os-terminated surfaces are less energetically favorable compared to Se-terminated surface [44, 45] . In addition, Se-Se terminated and Os-terminated surfaces have significant surface reconstructions upon relaxation. In the following, we will focus on the electronic structure of Se-terminated (001) surface.
The relaxed Se-terminated (001) surface OsSe 2 and OsTe 2 (see Figure 4 (a) [37] .
To effectively obtain the topologically nontrivial surface electronic structures of OsSe 2
and OsTe 2 , we perform surface state calculations by the Green's function approach using a tight-binding model Hamiltonian derived from our first principles calculations [47] . As seen from Figure 4 The anisotropy in the surface electronic structure prompts us to further examine the spin structure by analyzing spin components S x , S x ad S z along surface band S1, S2 and S3 in The complex surface spin texture can be visualized by a three-dimensional perspective view of the constant energy contour at 0.07 eV below the Fermi level in Figure 5 (a). It is evident that the spin direction and magnitude vary in the momentum space and the transition from out-of-plane spin polarization to in-plane polarization can be clearly observed. The trend of the magnitude of S z along the surface contour is opposite to the in-planar spin component. When the in-plane spins disappear, the out-out-plane spins reach maximum.
The spin texture shows a slightly different behavior at E F − 0.07 eV, with the in-plane spins no longer tangential to the surface contour. As the energy reaches E F − 0.09 eV, parts of the surface bands are now touching the bulk and the contour breaks into linear segments. The in plane spin texture on these segments is mostly S x polarized, with the out-of-plane texture shows a strong positive S z polarization. This kind of highly energy-and direction-dependent surface spin texture is yet to be observed in topologically nontrivial materials.
To effectively demonstrate the distinct spin behavior of the surface band structure, we The above analysis on the electronic structure of OsSe 2 (001) surface has already shown promising potentials for OsSe 2 as a novel topological material. We also calculate surface electronic structure of (011) surface (See Figure S4) . The (110) surface is less stable than (001) surface and is not a common cleavage surface observed in pyrite system. The surface morphology of (011) Figure 6 (b). The appearance of the nodal line structure is in good agreement with previous theoretical predictions that the pyrite structure symmetry can protect the nodal-line fermions when including SOC effects [39] .
Surface spin textures and nodal lines in OsTe 2
Finally, we find OsTe 2 shares most features with that found in OsSe 2 , with differences in the energy alignment (see Figure S5 ). The surface bands S1 -S3 connecting the bulk valence bands and bulk conduction bands are found in the vicinity of the Fermi level. The Surface bands also possess highly anisotropy behavior. The S1 band (X -Γ) is the most visible band, while the S3 band (Y -Γ) is significantly overshadowed by bulk bands. The spin anisotropy behavior is also seen in these surface bands, with the in-plane spin polarization dominating near Y and out-of-plane spin polarization prevailing near X. These results agree qualitatively well with those observed in OsSe 2 . Compared to OsSe 2 , the bulk screening effect on the surface bands is more significant in OsTe 2 . The full ring-like iso-energy contour only exists in the range of E F − 0.03 eV to E F − 0.06 eV, only half of that in OsSe 2 .
Further below this energy range, the surface contours become segments linking the bulk counterparts ( Figure S6 ). This suggests that OsTe 2 could also be a feasible candidate for selecvively mouldating the nontrivial surface spin structure. In addition, we also find nodal lines further down below the Fermi level in OsTe 2 , manifested by the multiple drumhead surface states as shown in the surface band diagram ( Figure S5 ).
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CONCLUSION
In summary, using density functional theory calculations, we show novel anisotropic spin textures near the Fermi level on the low energy surfaces of topological nontrivial compounds OsX 2 (X = Se, Te). The electronic structure of these pyrite-type crystals in the bulk form is nonmagnetic and semi-metallic. The low-energy energy bands near Γ show significant band inversion due to SOC interactions. These states are found to be topologically nontrivial and stable owing to the presence of crystal symmetries. For stable cleavage surface (001) of these crystals, we observe exotic spin-anisotropic surface bands connecting the partially occupied conduction and valence bands. These surface bands have negligible in-plane spin polarization near X, while around Y the in-plane spin components become dominant. The spin texture evolution of the surface bands is heavily influenced due to the energy screening by bulk bands. In addition, we have indicated that OsX 2 possess nodal-line structure below the Fermi level. This leads to the formation of highly direction-dependent bulk electronic structure and drumhead surface states. We anticipate that the anisotropic surface spin textures in topologically nontrivial pyrite crystals as predicted here could be verified by the spin and angle resolved photoemission spectroscopy (ARPES) measurements. These measurements can also provide experimental evidence for the exotic surface states associated with the bulk nodal line structures. Such uncoventional energy-and direction-dependent spin texture could be beneficial for potential spintronics applications. Moreover, discovery of these novel physical phenomena on a pristine surface of a strong topological material could inspire new strategies of searching for exotic topological nontrivial properties. 
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